Introduction
It has been proposed that differences in behavior could arise through differences 39 in neuromodulatory signaling [1] [2] [3] . Serotonin (5-HT) alters behavior by modulating 40 neuronal and synaptic properties [4] [5] [6] . Many 5-HT receptor subtypes have been identified 41 [7] . Variation in the expression of particular 5-HT receptor subtypes could alter the effect 42 of 5-HT on a neuron. 43
We examined the expression of genes for 5-HT receptors in single identified 44 neurons of three marine molluscan species (Tritonia diomedea, Hermissenda 45 crassicornis, and Pleurobranchaea californica). These sea slugs have large neurons that 46 can be individually identified from animal to animal within a species, as is common with 47
invertebrates [8, 9] . Furthermore, homologous neurons can be identified across species 48
[10]. Moreover, the roles of these neurons in simple behaviors have been determined. 49
The nudibranch Tritonia diomedea (synonymous with Tritonia tetraquetra, Pallas 50 1888) [11] swims by producing alternating dorsal and ventral (DV) body flexions. The 51 central pattern generator (CPG) underlying the swim motor pattern contains the identified 52 neurons C2 and DSI [12, 13] . Pleurobranchaea californica also swims with DV body 53 flexions and has neurons homologous to C2 and DSI in its swim CPG [14] [15] [16] . These 54 neurons also can be identified in the nudibranch, Hermissenda crassicornis, even though 55
Hermissenda lacks this swimming behavior [14, 17] . 56
Serotonergic neuromodulation plays a central role in the production of the swim 57 motor pattern in both Tritonia and Pleurobranchaea. Application of 5-HT to the isolated 58 Tritonia brain is sufficient to evoke a swim motor pattern and injection of the animal with 59 5-HT evokes a swim [18] . Stimulation of the serotonergic DSI or 5-HT applicationincreases the strength of C2 synapses [19, 20] . In Tritonia, this was shown to be caused 61 by neurotransmitter release from C2 through an increase in spike-evoked Ca 2+ levels in 62 C2 terminals [21] . Furthermore, DSI stimulation affects C2 after-hyperpolarization and 63 elicits both fast and slow excitatory post-synaptic potentials [19, 22, 23] . The 5-HT 64 receptor antagonist, methysergide, blocks the neuromodulatory actions of DSI on C2 65 synapses [20, 22] . Methysergide also blocks production of the swim motor pattern in the 66 isolated brain and prevents swimming when injected into the intact animal [18] . 67
Unlike in Tritonia and Pleurobranchaea, neither DSI nor 5-HT modulates C2 68 synaptic strength in Hermissenda. Furthermore, application of 5-HT to the isolated 69 Hermissenda brain fails to evoke a swim motor pattern, and injection of Hermissenda with 70 5-HT does not cause the animal to swim [20] . Here, we investigated whether the 71 correlation between swimming behavior and serotonergic modulation of C2 neurons could 72 be caused by species differences in expression of particular 5-HT receptors in C2. 73
Unlike in Tritonia, swimming in Pleurobranchaea is not consistent; the same animal 74 varies in its propensity to swim when tested over the course of several days [20] . Similarly, 75 some isolated brain preparations do not exhibit bursting activity typical of a swim motor 76 pattern. It was shown that the extent of serotonergic enhancement of C2 synaptic strength 77 correlated with the number of burst cycles in the motor pattern [20] . Here, we examined 78 expression of 5-HT receptors in Pleurobranchaea C2 neurons to determine whether it 79 could underlie the variability in swimming behavior. 80
Animals 83
Tritonia diomedea specimens were collected by Living Elements LLC (Vancouver, 84 B.C.). Hermissenda crassicornis and Pleurobranchaea californica specimens were 85 collected by Monterey Abalone Co. (Monterey, CA). All animals were housed at 10°C in 86 recirculating artificial seawater (ASW, Instant Ocean). Individual Tritonia were 87 anaesthetized before dissection using cold temperature and the other species were 88
anaesthetized by injecting 0.33 M magnesium chloride into the body cavity. 89
90
Whole-brain RNA extraction, cDNA production, and transcriptome sequencing 91
For whole-brain RNA extraction, brains were dissected from the animal, cleaned 92 of connective tissue, flash-frozen using liquid nitrogen, and then stored at -80°C. RNA 93 extraction was performed using the RNeasy Plus Universal Mini Kit (Qiagen). RNA 94 extracts were quantified using Nanodrop (Thermo Fisher). RNA was reverse transcribed 95 to cDNA using Superscript IV (Thermo Fisher) following manufacturer's instructions. 96
For the Pleurobranchaea whole brain transcriptome, additional RNA was extracted 97 as described above. RNA was reverse transcribed, and sequenced on an Illumina 98
Hi-Seq2500, and assembled as described previously for Neurons used for qPCR were isolated as described above and were transcribed 177 to cDNA using Superscript IV (Thermo Fisher). C2 neuron samples were collected 178 independently for each qPCR trial. Following isolation, the cells were added to a mixture 179 of distilled water and RNaseOut and frozen at -80°C. A master mix was created following 180 the Superscript IV manufacturer's protocol, and aliquots were added directly to the RNA. Absolute qPCR was performed for individual genes from each species. qPCR-189 specific primers were designed against each gene orthologue (Supplemental Table 3 ). 190
For 5-HT2a in Tritonia and Hermissenda, two sets of primers were used to measure 191 mRNA expression at multiple locations along the 5-HT2a mRNA. RNA standards were 192 prepared as described above, and were run alongside +RT cell cDNA, -RT samples, and Tritonia reliably produces a swim motor pattern in which C2 is rhythmically active 212 (Fig. 1A) . In contrast, Hermissenda C2 does not exhibit rhythmic bursting in response to 213 body wall nerve stimulation (Fig. 1B) . 214
We examined 5-HT receptor subtype gene expression from single C2 neurons by 215 transcriptome. These were receptors 5-HT1a, 1b, 2a, 2b, and 7 (Table 1) . 5-HT 4 and 5-218 HT6 were not present in the transcriptome. Thus, only a subset of receptor subtypes were 219 present in Tritonia C2 neurons according to snRNA-seq. The C2 transcriptome in 220
Hermissenda differed from that of Tritonia. It contained 5-HT1a, 1b, 4 and 6 receptors 221 (Table 1) . 222
The C2 single neuron transcriptome results were independently validated using 223 single neuron qPCR ( showed low expression of 5-HT7, there was no expression of 5-HT2a or 5-HT7 receptor 231 genes in Hermissenda C2 neurons. In contrast, 5-HT4 and 5-HT6, which were not 232 expressed in Tritonia C2 neurons, were found to be expressed at greater than 200 copies 233 per cell in Hermissenda. Thus, there were differences in the expression of 5-HT receptors 234 in homologous neurons that also differ in their responses to 5-HT and come from species 235 that differ in behavior. 236
The remaining receptor genes were expressed at low levels in both species (Fig.  237   1C) . 5-HT1a was identified in the transcriptome. However, qPCR was only able to detect 238 this particular transcript in one out of the five Tritonia C2 neurons. 5-HT1b was also found 239 according to qPCR. In Hermissenda C2 samples, 5-HT1a and 5-HT1b were expressed 241 below 200 copies per cell. 242
The 5-HT2b sequence was found in the single-cell transcriptome of both Tritonia 243
and Hermissenda, but only three out of six Tritonia samples and three out eight 244
Hermissenda samples expressed 5-HT2b according to qPCR (Fig. 1C) . The similarities 245 in the low-level expression of 5-HT1a, 5-HT1b, and 5-HT2b in both Tritonia and 246
Hermissenda suggests that these receptors are not responsible for the species-247 differences in the effect of 5-HT on C2. 248
The differences in 5-HT receptor expression in C2 neurons of Tritonia and 249
Hermissenda were not reflected in whole brain expression levels (Fig. 1D ). All seven of 250 the 5-HT receptor subtypes were measured in whole brain tissue using qPCR. In general 251 the relative mRNA expression of each receptor did not correlate with the single C2 252 expression. However, 5-HT6 receptor genes were expressed at a lower level in Tritonia 253 brains compared to Hermissenda brains. 254 255
5-HT receptor subtypes were identified in Pleurobranchaea whole-brain tissue 256
Before testing which 5-HT receptor subtypes were expressed in Pleurobranchaea 257 C2 neurons, we generated a Pleurobranchaea whole brain transcriptome, and mined it 258 for 5HT receptor sequences using BLAST. Orthologues of all seven molluscan 5-HT 259 receptor subtypes [25, 33] were found (Supplemental Table 4 ). To confirm their sequence 260 identities, we created consensus sequences of each receptor protein coding sequence 261 via cloning and sequencing of complementary DNA generated from whole-brain tissue. 262 with other subtypes from each 5-HT receptor family (Fig. 2) . 264
265

Receptor expression differed in swimming and non-swimming Pleurobranchaea 266
Since Pleurobranchaea does not reliably swim, we partitioned samples from this 267 species based on the motor pattern produced at the time that the C2 sample was taken. 268
If the motor pattern consisted of more than a single burst, it was considered as 269 "swimming" (Figure 3a ). On the other hand, if stimulation of the body wall nerve produced 270 one or fewer bursts, the individual was categorized as "non-swimming" (Figure 3b) . 271 5-HT2a and 5-HT7 gene sequences were found in the transcriptome of C2s 272 isolated from Pleurobranchaea that swam, but not in non-swimming specimens (Table 2) . 273
These results were validated by qPCR (Fig. 3C ). Only one sample from the non-274
swimming Pleurobranchaea group showed low expression of 5-HT2a according to qPCR, 275 calculated at 45 mRNA copies. There was a large degree of variability in the amount of 276 5-HT2a expressed in individual C2 samples from swimming individuals, from 100 to 1276 277 copies. All but one sample from a swimming preparation expressed 5-HT7 genes 278 according to qPCR. Variability in qPCR-measured expression was highest for this gene, 279 with a range of 0 to 2446. Only one of the seven C2 samples from non-swimming 280 preparations exhibited 5-HT7 gene expression. This difference in expression was not 281 seen in the total brain mRNA (Fig. 3D) . Thus, Pleurobranchaea individuals that exhibited 282 a swim motor pattern on the day of testing resembled Tritonia in the expression of 5-HT2a 283 and 5-HT7 receptor genes in C2 neurons, whereas the C2 neurons of non-swimmers 284
resembled Hermissenda in the absence of this expression.
transcriptomes. The swimming Pleurobranchaea C2 transcriptome contained sequences 287 for 5-HT1b expression but none of the other receptors whereas the C2 transcriptome of 288 non-swimmers did not contain any 5-HT receptor gene sequences (Table 2) 
Expression of other G-protein coupled receptors did not correlate with swimming 294
We examined the single neuron transcriptomes to determine whether other 295
GPCRs were differentially expressed in C2 of Tritonia, Hermissenda, and swimming and 296 non-swimming Pleurobranchaea (Table 3) . Molluscs express three identified dopamine 297 receptor subtypes, known as D1, D2, and DInv [33] . The D1 dopamine receptor was found 298 in the Hermissenda C2 but absent in the other samples, whereas the Dinv dopamine 299 receptor was found only in the Tritonia C2 transcriptome and was missing in the others. 300
In contrast, the D2 dopamine receptor was found in all four samples. 301
Several other types of GPCR were found in both swimmers and non-swimmers. 302
These GPCRs were also identified in the C2 transcriptomes from Tritonia and 303
Hermissenda. (Table 3 ). However, the presence or absence of these other GPCRs did 304 not correlate with swimming. A greater number of GPCR types were found in the two 305 nudibranchs, compared with the Pleurobranchaea data sets. This is not due to an 306 absence of these genes in the brain transcriptome, but an absence in the C2 307
transcriptome. 308
Neuropeptide expression by C2 was consistent 310 C2 neurons are immunoreactive for SCP across nudipleura species [14] . The SCP 311 precursor gene was found in C2 neuron transcriptomes from all three species in this 312 study. Of note, there are two SCP precursor gene alternative splice isoforms present in 313 molluscan brains, a short and long isoform [24] . In C2 neuron transcriptomes, only the 314 short isoform was present (Supplemental Figure 1) . Single-neuron qPCR confirmed that 315 the SCP precursor gene is expressed in the isolated C2 neurons from each species, 316 averaging 442 copies in Tritonia, 625 copies in Hermissenda, 989 copies in swimming 317
Pleurobranchaea, and 197 copies in non-swimming Pleurobranchaea. The expression of multiple neuromodulatory receptors is a feature that has been 374 observed in several single-neuron studies. In the anaspid mollusc Aplysia californica, 375 pleural ganglion sensory neurons express at least three 5-HT receptor subtypes,variety of neuromodulatory substances [36, 37] . 378
379
Other genes did not show a correlation with behavior 380
Several GPCRs were identified in C2 neuronal transcriptomes from each species, 381
indicating that C2 may have several neuromodulatory inputs. Furthermore, many these 382 receptors exhibited differed in their expression across species, but did not correlate with 383 the swimming behavior. In the case of Pleurobranchaea, it is worth noting that the sample 384 size for the transcriptome sequencing was lower than that of the other two species (see 385 methods). Therefore, it is possible that Pleurobranchaea C2 neurons express more 386
GPCRs than those captured by sequencing in this study. There may be other, as yet 387 unidentified, species-specific behaviors mediated by C2 neurons. there is a species-specific aspect of mRNA cycling or co-expression that causes this 465 increased variability. If this were the case, then over time there could be periods where 466 few 5-HT receptor proteins were expressed at C2 synapses in Pleurobranchaea, which 467 could cause temporary loss of DV swimming and serotonergic modulation. 468 
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